The DNA content distributions of micronuclei induced in mouse 3T3 cells by ionizing radiation and chemicals was measured by flow cytometry. For a quantitative understanding of these distributions, micronuclei with increasing DNA contents were sorted and analysed for the presence of centromeric signals using fluorescent in situ hybridization (FISH) with a mouse centromeric gamma satellite probe. Radiation-induced micronuclei were found to be produced mainly by chromosome fragments, whereas micronuclei induced by the tear gas chlorobenzylidene malonitrile (CS) were found to be produced mainly by whole chromatids. In contrast, micronuclei induced by vinblastine (VBL) were, according to the shape of their DNA content distributions, produced mainly by whole chromosomes and by combinations of two or more whole chromosomes. With increasing DNA content, micronuclei induced by ionizing radiation also contained one or more whole chromosomes, whereas micronuclei induced by CS or VBL were found to contain several whole chromatids or chromosomes respectively. Computerized random breakage of chromosomes and random combination of chromosome fragments, whole chromatids and whole chromosomes were used according to the FISH results to simulate the measured DNA content distributions of micronuclei. A good agreement was obtained between measured and simulated distributions of micronuclei as well as between results of the measured frequency of micronuclei showing centromeric signals as a function of their DNA content and those predicted by the simulations. These results demonstrate the usefulness of flow cytometry and sorting combined with the FISH technique and computer simulations for producing a more detailed analysis of mechanisms of micronucleus induction.
Introduction
It is well known that the frequency of micronuclei (MN) in cell cultures, human lymphocytes and mouse bone marrow or peripheral blood erythrocytes can be used as a quantitative measure of both structural and numerical chromosome aberrations induced in cells in vitro or in vivo by ionizing radiation or by chemicals (Heddle et al, 1978) . MN can arise from acentric chromosome and chromatid fragments, from one or several whole chromosomes, or by various combinations of these events. Using the conventional micronucleus test, however, it is impossible to distinguish between MN arising from acentric fragments and those arising from whole chromosomes.
© UK Environmental Mutagen Society/Oxford University Press 1996 Attempts to overcome this limitation of the micronucleus test have included measurement of the micronucleus size (Yamamoto and Kiguchi, 1980) , C-banding (Banduhn and Obe, 1985; Verschaeve et al, 1988) , measurement of the DNA content (Heddle and Carrano, 1977; Pincu et al, 1985; Vanderkerken et al., 1989; NUsse et al, 1992a; Grawe" et al, 1994; van Hummelen et al, 1995) , anti-kinetochore antibody (CREST) staining (NUsse et al, 1987; Degrassi and Tanzarella, 1988; Hennig et al, 1988; Thompson and Perry, 1988; Eastmond and Tucker, 1989a,b; Ghudi et al, 1990; Miller and Adler, 1990) and, more recently, in situ hybridization with DNA probes that detect specifically the centromeric (Becker et al, 1990; Miller et al, 1991; Salassidis et al, 1992; Graw6 et al, 1994) or even the telomeric regions of chromosomes (Miller et al, 1992; Miller and NUsse, 1993; SchrieverSchwemmer and Adler, 1994) .
With these techniques, measurements of the fractions of MN showing the presence or absence of centromeric and telomeric regions or chromosome-specific regions have been used to investigate the origin of MN to study possible clastogenic or aneuploidy-inducing mechanisms of action of chemicals or ionizing radiation in various cell types, including bone marrow cells (Becker et al, 1990; Miller et al, 1991; Chen et al, 1994; Grawe" et al, 1994; Schriever-Schwemmer and Adler, 1994) , spermatids (Kallio and Lahdetie, 1993) , human peripheral blood lymphocytes (Migliore et al, 1993 (Migliore et al, , 1995 Suralle"s et al, 1995) and established cell lines (Miller et al, 1992; Salassidis et al, 1992) .
Measurement of the DNA content of MN has been used previously for similar purposes, although with less precision. The main reason was that the DNA content or size distribution of MN is only roughly represented by the presence of fragments or whole chromosomes in MN, due mainly to the fact that chromosomes can have quite different DNA contents. Also, DNA synthesis in MN could influence the results (Kramer et al, 1990; van Hummelen et al, 1995) . We have recently shown that the DNA content distribution of MN is influenced by several factors, including size of chromosomes, DNA synthesis in MN during S-phase and the presence of fragments and whole chromosomes in MN (NUsse et al, 1992a; Miller and NUsse, 1993) . In these studies, flow cytometry was used to measure the DNA content of MN in suspension in addition to measurements of the frequency of MN (NUsse et al, 1992b (NUsse et al, , 1994 Weller et al, 1993; Viaggi et al, 1995) . It has been shown (NUsse et al, 1992a) that the DNA content distribution of radiation-induced MN in mouse NTH-3T3 cell cultures could be explained quantitatively with data obtained from fluorescent in situ hybridization (FISH) experiments performed to study the presence of chromosome fragments and whole chromosomes by using centromeric and telomeric DNA probes simultaneously (Miller et al, 1992) and taking into account the size distribution of chromosomes. Model calculations were performed with the random breakage of chromosomes and the random combinations of chromosome fragments and whole chromosomes in MN to quantitatively simulate the measured MN distribution. Similar calculations were performed to simulate the MN distribution induced in 3T3-cells by the tear gas 2-chlorobenzylidene malonitrile (CS). CS was found to induce mainly MN with centromeric signals. However, no distinction between 'whole chromatids' or 'whole chromosomes' included could be made due to the large hybridization domain of the gamma satellite DNA probe used (Miller and Ntlsse, 1993; Weller et aL, 1995) .
With the combination of flow cytometry and sorting and FISH it is possible to analyse and begin to understand in detail the processes leading to the formation of MN. This, together with the use of a plausible model for the relationship between random numerical or structural chromosome aberrations and the resultant MN, may be of use when interpreting data from MN induction by agents which do not act as model clastogens or aneugens. The aim of this article is to verify our earlier data and our random breakage and combination model by analysing the chromosomal composition of MN with specific DNA contents, measured by flow cytometry and sorted on slides, using the FISH technique with a centromeric DNA probe.
Materials and methods
Cell culture and treatments NIH-3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM)/ F12 medium (Gibco BRL, Eggenstein, Germany) supplemented with 1% glutamine and 10% fetal calf serum (Gibco BRL). The karyotype of this cell line consists of mostly hypertriploid cells (n = 68 chromosomes) and <10% diploid cells (n = 40 chromosomes). The average generation time is ~22 h.
Partial synchronization of the cultures was achieved by growing the cells at 37°C, 5% CO 2 to a confluent monolayer of mostly G| phase cells (-90%). Plateau phase cells were released into fresh medium, and 2 h later the cells were either irradiated with l37 Cs ^-irradiation (4 Gy) at a dose rate of 1 Gy/ min (HWM-2000 machine; Siemens, Erlangen, Germany) or treated with CS or vinblastine (VBL).
CS was kindly provided by U.Andrae (GSF-Institut fUr Toxikologie, Neuherberg, Germany; originally from Klever, Aham, Germany). A stock solution of CS (100 mM) was prepared in dimethylsulphoxide shortly before use. Cells were continuously treated with 30 u.M CS. The cells were prepared 30-40 h after the beginning of treatment. A stock solution of 10 mg/ml of VBL (Sigma) was prepared in water. Cells were treated continuously with 0.01-0.1 mg/ml VBL. Again, cells were prepared between 30 and 40 h after the beginning of treatment.
Preparation of MN for flow cytometry and sorting MN and nuclei in suspension were prepared according to the two-step method published earlier (NOsse et al., 1992b (NOsse et al., , 1994 Weller et al., 1993) . In summary, -1XI0 6 cells were centnfuged and treated with 1 ml of solution I [584 mg/1 NaCl, 1000 mg/1 Na-citrate, 25 mg/1 ethidium bromide (EB), 10 mg/1 RNase and 0.3 ml/1 Nonidet P-40]. Then, after ~1 h, 1 ml of solution II (15 g/l citnc acid, 0 25 M sucrose and 40 mg/1 ethidium bromide) was added and the sample vortexed shortly.
Flow cytometry and data analysis EB-fluorescence (DNA), forward scatter (FSC) and side scatter (SSC) of MN and nuclei in suspension were measured simultaneously using a FACStar Plus flow cytometer (Becton Dickinson, Mountain View, CA). Data were stored in an HP 9000 series 300 computer (Hewlett Packard, Fort Collins, CO) in listmode using the FACSlar Plus Lysys software. Excitation of EB was provided by the 488 nm line (500 mW) of an argon laser (Inova 90; Coherent Radiation, Palo Alto, CA) and emission of EB-fluorescence was collected with a long pass filter (CO 570). Bivariate DNA-FSC or DNA-SSC distributions were displayed as contour or dot plots using the DAS software (Beisker, 1994) . The EB-fluorescence (proportional to the relative DNA content) and FSC were plotted in logarithmic mode (see Figure la) . In these bivariate distributions G| phase nuclei were registered at channel no. -2000 (relative DNA content = 1) and MN between channel no. 15 (relative DNA content = 0.015) and -400 (relative DNA content = 0.2). MN were discriminated from debris using FSC and SSC as shown elsewhere (Weller et al., 1993; NQsse et al., 1994) .
Between 5000 and 10 000 MN with varying DNA content [from ~l to 10% (±0.5%) of the DNA content of G, nuclei] were sorted onto glass slides cleaned with chromsulphonic acid. The slides were briefly dried at room temperature and the MN were fixed in 100% methanol at -20°C for 20 min, air-dried and kept at -20°C in N 2 atmosphere until used for in situ hybridization.
DNA probe
A mouse gamma-satellite probe developed in vitro by PCR (Weier et al., 1991) was used for centromere staining on sorted MN The probe was end-labelled with Biotin-11-dUTP by terminal deoxynucleotidyltransferase (Gibco BRL).
FISH
In situ hybridization was performed as described previously (Miller et al., 1992; Miller and NUsse, 1993) . Briefly, slides with sorted MN were immersed in 70% formamide/2X SSC (= 0.15 M NaCl, 0.015 M sodium citrate), and were denatured together with the DNA probe at 70°C for 2 min. Hybridization was earned out overnight at 37°C in 50% formamide/2x SSC/10% dextran sulphate with 20 ng of centromeric probe per slide and 500 ng/ml yeast RNA as carrier. The next day, slides were washed three times for 5 min in 30% formamide/2x SSC/10% dextran sulphate, three times for 5 min in 2X SSC, all at 40°C, and once for 5 min in 4X SSC plus 0.05% Tween 20 at room temperature. Detection of centromeric signals was performed by avidinfluorescein isothiocyanate (5 |lg/ml; Sigma, Deisenhofen, Germany). MN were counterstained with propidium iodide (PI; 0.5 ng/ml). Slides were finally embedded with glycerol/phosphate-buffered saline containing the antifading />-phenylene diamine (0.01 M; Sigma) (Johnson, 1981) . Between 200 and 400 sorted MN were analysed by fluorescence microscopy for the presence of centromeric signals
Calculation of simulated DNA distributions of MN
The DNA content of the chromosomes in 3T3 cells was measured by flow karyotyping (see NUsse el ai, 1992a) . Based on the FISH data published earlier (Miller el al, 1992; Miller and Nusse. 1993 ; Table I ), the distributions of the DNA content of MN were simulated assuming random breakage of chromosomes responsible for the presence of fragments in MN, random combination of chromosome/chromatid fragments and random combination of chromosomes/chromatids responsible for the presence of whole chromosomes/ chromatids in MN. The details of the simulation model are described elsewhere (NUsse et al., 1992a) . In short, the relative DNA content of each chromosome (measured by flow karyotyping) and the position of the centromere of each chromosome had to be taken into consideration. The relative frequency of an acentric chromosome fragment with a DNA content d caused by a terminal (or interstitial) deletion was assumed to be proportional to the relative frequency of chromosome arms that have at least the DNA content d. The calculated DNA distributions of single fragments, random combinations of two and three single fragments, as well as of whole chromosomes/chromatids and random combinations of two or three chromosomes/chromatids were added according to the FISH results to form the theoretical distribution of radiation-and CS-or VBL-induced MN. Figure Figure Id and e, with this chromosome distribution it can be concluded that most of the MN induced by CS contain whole chromatids (peaks at exactly half the DNA contents of the chromosome peaks), whereas MN induced by VBL contain whole chromosomes (peaks at the same DNA contents of chromosome peaks).
Results

Flow cytometric measurements of DNA distributions of MN
We show below that these MN distributions can be simulated by a model taking into account the presence of chromosome/ chromatid fragments and whole chromosomes/chromatids in MN, measured by the FISH technique on fixed cells with MN. In addition, the results obtained by this model will be verified using sorted MN with various DNA contents analysed with the FISH technique using a centromeric probe.
Analysis of centromeric signals in sorted MN
For a detailed analysis of the presence of whole chromosomes/ chromatids in MN as a function of the DNA content, MN with various DNA contents induced by ionizing radiation, CS and VBL were sorted on slides for detection of centromeric DNA sequences using FISH with a gamma-satellite DNA probe. With this probe, the presence of up to three centromeric signals (in the case of VBL, also more than three signals) could be observed and quantified. showed no signal, and with increasing DNA content their frequency decreased.
Comparison with model calculations of DNA distributions of MN Ionizing radiation.
We have shown earner (Ntlsse et al., 1992a; Miller and Ntlsse, 1993 ) that the DNA distribution of radiationand CS-induced MN can be simulated by combining the results of random breakage of chromosomes to form acentric fragments, random combination of chromosome fragments and random combination of whole chromosomes. Figure 3a shows a measured DNA distribution of radiation-induced MN in comparison with the simulated distribution. This simulated distribution was obtained by using the results of experiments performed to analyse the chromosomal composition of radiation-induced MN with a combination of telomeric and centromeric DNA probes and the FISH technique (Miller et al, 1992) . Of the MN, 56% were assumed to be formed by single acentric chromosome fragments, 21% by a combination of two fragments and 4% by a combination of three. There were 17% formed from single whole chromosomes and 2% from random combinations of two chromosomes (Table la) . The measured and the simulated distributions agree quite well, deviations being found only at the low DNA content region between 1 and 2% of the G| phase DNA content. The reason for this small difference might be the presence of chromosome fragments which could not be quantified by the FISH experiments due to the detection limit of the telomeric DNA probe and which were therefore not included into the simulation. It can, however, also be assumed that some MN were formed by chromatid fragments, because it cannot be excluded that a small fraction of the cells was irradiated during S or G 2 phase.
The computer simulation can be tested further using the results from the sorting experiments shown in Figure 2a . From the simulation model the fraction of MN composed of fragments only (including single fragments and random combinations of two or three fragments) and whole chromosomes (single chromosomes and random combination of two chromosomes) can be calculated as a function of their DNA content. Figure 3b shows the results of these calculations together with the data of Figure 2a . Again excellent agreement is found, demonstrating that the simulation of the DNA distribution of radiation-induced MN by the model presented here describes the measured DNA distribution of radiationinduced MN correctly.
CS treatment. Similar calculations were performed to simulate the DNA distribution of CS-induced MN. In contrast to the distribution of radiation-induced MN, however, which can be simulated by assuming the presence of chromosome fragments and whole chromosomes in MN, the measured DNA distribution of CS-induced MN did not support such an assumption. Comparison of the position of the various peaks ( Figure Id) with the position of the peaks in the chromosome distribution (peaks at half die DNA content of chromosome peaks; see Figure If ) revealed that most MN in these peaks must have been formed by whole chromatids. In contrast with these results, the DNA distribution of VBL-induced MN (Figure le) showed peaks at exactly the position of the chromosome peaks, revealing that VBL-induced MN contained mainly whole chromosomes.
For simulation of the DNA distribution of CS-induced MN two different models were used: (i) The MN distribution is composed of MN containing whole chromatids and MN containing chromosome fragments (model 1). This model assumes two different mechanisms of action for CS. (ii) The MN distribution is composed of MN containing whole chromatids and MN containing chromatid fragments (model 2). This model assumes the same mechanism of action for the induction of MN from whole chromatids and from chromatid fragments. Because previous results obtained using telomere-and centromere-specific DNA probes (Miller and Nflsse, 1993) showed that most CS-induced MN contained whole chromatids and that ~25-35% of the MN were found to contain no centromeric signals, these parameters were used to simulate the CS-induced MN distribution. The calculations revealed that it was possible to simulate the measured MN distribution by both models 1 and 2. Figure 4a shows a comparison of the measured and die simulated MN distribution using model 2.
Here it was assumed that 65% of the MN contained one whole chromatid, and 11 and 4% contained random combinations of two and diree whole chromatids, 14% of the MN were formed by single chromatid fragments, and 5 and 1% were formed by random combinations of two or three chromatids respectively. Table I ).
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To test both models 1 and 2 further, computer simulations were used to predict the fraction of centromere-positive MN as a function of their DNA content. The results of these calculations were then compared witii the experimental data shown in Figure 2b (fraction of centromere-positive MN in sorted MN). Figure 4b shows a comparison of the experimentally obtained data (squares) and the calculations using models 1 (circles) and 2 (closed triangles: model 2a; asterisks: model 2b). The two curves according to model 2 were calculated using different fractions of chromatid fragments (model 2a, 47% one chromatid, 8 and 3% random combinations of two or three chromatids, respectively, 29% one chromatid fragment, 10 and 3% random combinations of two and three chromatid fragments, respectively, see Table I ; model 2b, parameters as in Figure 4a ). This comparison shows clearly that model 1 does not agree with the results from in situ hybridization of the sorted MN. The predicted curve for model 1 with the decreased proportion of MN with centromeric signals as a function of their DNA content results from the fact that the cell line used contains only acrocentric chromosomes. Therefore, the largest possible chromosome fragment has almost the size of the largest metaphase chromosome, while a chromatid has only half the size of the metaphase chromosome. The larger MN should thus to an increasing extent contain fragments lacking centromeric signals which were not observed in the sorted MN. Model 2, however, describes the experimental results quite well. Especially in the DNA content region between 0.015 and 0.05 the simulation according to model 2a or b agrees with the experimental data independent of the fraction of chromatid fragments. At lower DNA contents (<0.015) the expected fraction of centromere-negative MN should increase depending on their relative fraction. It was, however, not possible to analyse these small MN because they were too small to be unambiguously detected by fluorescence microscopy after sorting.
VBL treatment. Simulated distributions were also calculated for VBL-induced MN. It was assumed that 55% of these MN contained one whole chromosome, and 10 and 5% contained two or three whole chromosomes respectively [MN containing more than one chromosome were also found by Miller et al. (1991) in bone marrow erythrocytes of mice treated with VBL and by Grawe et al. (1994) in bone marrow erythrocytes treated with vincristine sulphate]. Of the MN, 20% were assumed to be formed by acentric fragments and 10% by combinations of two fragments (see Table Ic ). Figure 5a shows this simulated MN distribution in comparison with the 410 measured distribution from Figure le. Although the parameters used for the simulation are reasonable, but somewhat arbitrary, a good agreement between the simulated and the measured DNA distribution of VBL-induced MN is found, demonstrating again the suitability of the model to quantitatively understand the DNA distribution of MN. This is even more obvious when the measured fraction of VBL-induced MN containing no centromeric signal or 1-4 centromeric signals as a function of their DNA content is compared with results from the simulation (Figure 5b ). An excellent agreement between the experimental results and the results calculated by the simulation model is again obtained.
Discussion
The aim of our studies was the development and verification of methods to quantitatively understand the DNA distributions of MN induced in cells by ionizing radiation and chemicals. Flow cytometry was used to measure the DNA distribution of MN (NUsse et al, 1992a,b) . Flow sorting of MN with different DNA contents followed by FISH analysis of the sorted MN with a centromeric probe was applied to measure the fraction of MN produced by whole chromosomes/chromatids. Finally, computer simulation of the MN distribution using the data from the FISH experiments was performed to quantitatively understand the measured DNA distribution of MN. We have shown earlier (Miller et al, 1992; Miller and NUsse, 1993) that the presence of fragments and whole chromosomes/ chromatids in radiation-or CS-induced MN on fixed samples can be quantified by the FISH technique using a combination of centromeric and telomeric DNA probes simultaneously. With the data obtained by this method the DNA distribution of radiation-and CS-induced MN could be simulated by a model assuming random breakage of chromosomes and random combinations of two or more chromosome/chromatid fragments and of whole chromosomes/chromatids. However, because with the centromeric probe used it was not possible to discriminate between whole chromosomes or chromatids and between chromosome and chromatid fragments, the simulation of the DNA distribution of MN had to be tested independently to prove its correctness. This was done by sorting MN with various DNA contents and measuring the fraction of MN showing centromere signals as a function of their DNA content The results of these experiments have shown that MN induced in mouse 3T3 cells by ionizing radiation are produced mainly by one, two or more acentric chromosome fragments, probably also by chromatid fragments (due to irradiation in S or G 2 phase) and by ~20% of whole chromosomes. Using these parameters the DNA distribution of MN measured by flow cytometry agrees well with the calculated distribution and with the results after in situ hybridization of sorted MN. This is not surprising, because it is well known that radiationinduced MN are mainly composed of acentric chromosome fragments, as shown by NUsse et al. (1987) , Degrassi and Tanzarella (1988) , Thomson and Perry (1988) , Fenech and Morley (1989) and Cornforth and Goodwin (1991) using antikinetochore antibodies to quantify whole chromosomes in MN or by Salassidis et al. (1992) and Miller et al. (1992) using FISH with centromeric probes for the same purpose. The published data show fractions of radiation-induced MN produced by whole chromosomes ranging between 3 and 20%, depending on the cell lines studied. In contrast with the results obtained by ionizing radiation, the DNA distributions of CS-and VBL-induced MN showed DNA content distribution of micronuciel the presence of various peaks similar to the peaks found in the chromosome distribution of mouse 3T3 cells measured by flow karyotyping. This clearly demonstrates the presence of single whole chromosomes or chromatids in MN induced by these chemicals. Careful comparison of the relative DNA contents of these peaks with the DNA content of chromosomes revealed that CS-induced MN must have been formed mainly by single whole chromatids (and combinations of two or three chromatids) whereas VBL-induced MN must have been formed mainly by single whole chromosomes (and combinations of two or more chromosomes). FISH analysis of sorted CSinduced MN as a function of their relative DNA content in comparison with calculated curves obtained from the simulation showed that most of the acentric fragments in MN must have been formed from chromatid fragments. This has certain consequences for possible mechanisms of action of CS. It has been shown previously that CS induces MN in V79 cells (Ziegler-Skylakakis et al, 1989) , spindle disturbances and c-mitoses (Salassidis et al, 1991) , as well as aneuploidy in V79 cells (Schmid and Bauchinger, 1991) . We have additionally shown that the great majority of CS-induced MN in Chinese hamster embryo cells exhibited kinetochores (one or more kinetochore spot per MN) and that the DNA content of CS-induced MN is very similar to the DNA distribution of chromosomes (Ntisse et al, 1992b) . Similar results were obtained in mouse 3T3 cells (Miller and NUsse, 1993) . From the new data on sorted MN and from a careful comparison of the measured DNA distribution of CS-and VBL-induced MN with the distribution of metaphase chromosomes analysed by flow karyotyping it has to be concluded that CS-induced MN are formed mainly by single whole chromatids. A further clastogenic action of CS as discussed earlier (Bauchinger and Schmid, 1992; Miller and NUsse, 1993) has to be considered. This clastogenic action, however, must have led to the formation of MN composed of chromatid fragments. Chromatidtype aberrations in V79 cells after treatment with CS were also reported by Bauchinger and Schmid (1992) . To explain these effects it has been suggested by Salassidis et al. (1991) that CS may attack the preformed spindle apparatus directly and lead to chromatid fragments and whole chromatids in MN after separation of the chromatids during cell division.
This mechanism of action of CS is different to that found after treatment with VBL. VBL, vincristine (VCR) and colchicine have been considerd to be model aneugens. However, in several studies, when MN induced by these agents are analysed for centromeric presence, a proportion of them lack signals (Eastmond and Tucker, 1989a; Antoccia et al, 1991; Miller etal, 1991; Bonattiefa/., 1992; Krishna et al, 1992; Salassidis et al, 1992; Adler, 1993; Farooqi et al, 1993; Kallio and LShdetie, 1993; Lynch and Parry, 1993; Hayashi et al, 1994; Stopper et al, 1994; Kallio et al, 1995; Migliore et al, 1995; Surrall6s et al, 1995) . This can be due to either incomplete hybridization or antibody staining, or possibly to clastogenic action . If the MN without signals result from the formation of fragments, the frequency of these should be size-dependent. If they result from random inefficiency of the visualization technique, there should be little or no size dependence. It was shown by Grawe et al. (1994) that 24% of the flow-sorted population of MN induced by VCR, an analogue to VBL, lack centromeric signals. When the induced MN were sorted by relative DNA content and probed for centromeric presence, 80% of the MN in the smallest fraction were without signal, whereas only 22-6% of the larger ones were. The size dependence is evident, and there is an absolute increase in MN lacking centromeric signals in the VCR-treated animals compared with the control. These findings together indicate that VCR has a clastogenic action.
The DNA distribution of VBL-induced MN can therefore only be explained by the presence of whole chromosomes in MN and, in addition, to a certain extent by chromosome fragments. The results can be explained by assuming that VBL inhibits microtubule assembly, as in the case of colcemid (Schmid and Bauchinger, 1991) . A clastogenic action of VBL can also be assumed because published data show that VBL can induce MN containing fragments only. Hayashi et al. (1994) have shown that ~60% of MN in blood erythrocytes of mice treated with VBL showed centromeres. Miller et al. (1991) showed similar results (~66% centromere-positive MN, 71% CREST-positive MN) in erythrocytes from the bone marrow of mice exposed to VBL. Higher values were found by Eastmond and Tucker (1989b) (94% CREST-positive MN after treatment of human lymphocytes with VBL sulphate). For the proposed simulation of the DNA distribution of VBLinduced MN it is therefore reasonable to assume that in mouse 3T3 cells ~30% of MN were formed by acentric chromosome fragments.
In the context of the possible clastogenic action of VBL and other aneugens it should be pointed out that while there are theoretical reasons to expect a threshold for the aneugenic action of an agent, this possible threshold does not necessarily apply to the clastogenic action of the same agent.
We have shown that the model for the formation of MN explains experimental data from MN induced in vitro by radiation, CS and VBL, and can be used to discriminate between different hypotheses for the mechanisms of induction of MN. It is now also possible to perform flow sorting of large populations of MN with defined relative DNA contents induced in vivo for subsequent centromere visualization. The methods are therefore available to apply the model also on MN induced in vivo (J.Grawe ' et al., in preparation) .
